Miscanthus is an energy crop considered to show potential for a substantial contribution to sustainable energy production. In miscanthus combustion, 2.0% to 3.5% of the mass of the fuel remains as ash. This ash is less contaminated by heavy metals than ash from wood combustion. The concentrations are well below the typical limit concentrations for use as a soil conditioner on agricultural land and forests. The potassium concentration in the investigated miscanthus ash of 14.1% K 2 O was significantly higher than the typical concentration of potassium in ashes from wood combustion (3% to 7% K 2 O). However, in comparison to wood ashes, only very little enrichment of potassium in the fine size fractions of miscanthus ash was found. For most of the other elements, the enrichment in the fine size fractions was also low. Therefore, the production of a potassium-rich material by classification for the production of potassium fertilizer is not feasible. The absence of such an enrichment can be explained on the one hand by the significantly lower combustion temperature in the miscanthus combustion plant and, on the other hand, by the higher molar ratio of K to Cl and the low ratio of K to Si. Thus, the most sensible utilization of miscanthus ash is its direct recycling to the soil such as where the miscanthus plants are grown.
Introduction
The combustion of biomass like Miscanthus giganteus is considered to be almost carbon dioxide neutral. The carbon dioxide produced in the combustion process has been fixed by photosynthesis during the growth of the plants [1] . Miscanthus is one of the energy crops that shows substantial potential for sustainable energy production [2] . Miscanthus can be used as a fuel in combustion plants [3] but also the production of bio-fuels from miscanthus is investigated [4] . However, in a recent study, it was concluded that, for power generation from miscanthus biomass, the most favorable way is combustion [5] .
Besides the mentioned potential, the use of miscanthus in Europe is low and the cultivation area is even decreasing because production costs for miscanthus are presently too high to compete commercially with fossil fuels as a source of energy [5] . At present, about 20,000 ha of miscanthus are commercially grown in the EU, with approximately half of it in the UK [5] . The main production areas for miscanthus in Austria are located in Upper Austria and Lower Austria [6] . The dry biomass yield depends on the soil quality and meteorological parameters, especially water supply and temperature. In Austria, on good soil, the yield is in the range of 15-22 t dry mass per hectare [7] .
In the combustion of miscanthus, the inorganic constituents remain as ash. The typical total ash content of miscanthus is in the range of 2.0% to 3.5% [8] [9] [10] . In grate-fired combustion systems, the coarser ash is discharged as bottom ash while the finer ash fraction leaves the combustion zone with the off-gas as fly ash. Because of the low ash melting temperature, which is strongly correlated with the potassium and chloride content of the ash, the combustion temperature is kept as low as possible [11] .
In many countries, the ash from the combustion of chemically untreated biomass is utilized as a soil conditioner on agricultural land and forests. However, country-specific limit concentrations for heavy metals have to be observed [12] [13] [14] . The recycling of biomass ashes to the soil where the biomass was grown is proposed to help to close the cycles of the plant nutrients P, K, Ca, and Mg [15] . In a recent study, the positive effect of biomass ash on the chemical properties of the soil and the yield of miscanthus has been demonstrated [16] .
Another use of biomass ash has been suggested recently [17] . In this study, the finest fraction from wood combustion fly ash was separated by classification to produce a potassium-rich material (K 2 O > 35%) for the production of potassium fertilizer.
In the literature, little data is available on the chemical composition of ash from the combustion of miscanthus. In two studies, the data were obtained from ash samples produced by combustion of small samples of miscanthus in a muffle furnace at 550 • C for 3 h and at 400 • C for 8 h [8, 9] . A third study reported the ash content of miscanthus plants and the concentration data for some components in miscanthus plants [18] . From this data, the expected content of the components in the ash can be calculated. In a recent study, ash composition data from an industrial scale combustion plant were reported [19] . No data was found in the literature for the variations of the composition of ash from the combustion of miscanthus by particle size.
For fly ash from wood combustion enrichment of potassium and some heavy metals in the finest ash fractions has been reported [20, 21] . This enrichment can be explained by volatilization and re-condensation of these components during combustion and re-cooling of the off-gas. Thereby, volatile elements are enriched in the finer size fractions due to the higher specific surface area of these size fractions. If the utilization of the miscanthus ash in fertilizer production is intended, enrichment of K in the fine fraction would be beneficial because this would allow production of a highly concentrated fraction by classification. In contrast, when the ash is used as a soil conditioner, an increased concentration of heavy metals in the finest fractions is disadvantageous because the finest fractions might be dispersed partly into the atmosphere, especially when the ash is not agglomerated before spreading.
The aim of this study was to investigate the size-dependence of the concentrations of K and some heavy metals in ash from the combustion of miscanthus in a full-scale combustion plant. The size dependence of these components is expected to be somewhat different compared to that in wood combustion ash due to the lower combustion temperature and the different composition of the ash.
Materials and Methods
An ash sample of about 2 dm 3 was obtained from a district heating boiler with a thermal capacity of 300 KW th using miscanthus as fuel. The miscanthus plants were grown in Lower Austria (250 m a.s.l.). In April, the culm material was harvested leaving leaves out on the soil. The harvested material was chopped and stored under an open air roof. The combustion plant consists of a boiler with a grate firing system. In the plant, the combustion temperature was kept as low as possible to avoid operation problems caused by the comparatively low melting point of the ash. In the boiler, the temperature measured about 1 m above the combustion grate was approximately 600 • C. The off-gas from the combustion is de-dusted by a cyclone. The separated fly ash is discharged together with the bottom ash from the combustion grate as a mixed ash fraction. This ash is recycled to the soil where the biomass is grown.
For sequential dry classification of the ash sample, a laboratory air classifier 100 MZR from Hosokawa Alpine was used. In the first classification step, the finest size fraction was separated from the bulk, which was used subsequently as feed material in the next classification step where the classifier was operated at reduced speed. This procedure was repeated twice. The details of such a sequential classification procedure are described in the literature [22] .
For various laboratory tests, the volume of the samples was reduced to a suitable volume using sample dividers, which were applied repeatedly (Haver&Boecker HAVER RT and Quantachrome Micro Riffler).
The particle size distribution of the ash samples was measured using a laser diffraction instrument with dry sample dispersion (Sympatec HELOS/RODOS). A Sympatec SiC-P600'06 standard was used to check the calibration of the instrument. The mass median diameters d 50 were derived from the measured particle size distributions. A density of the particles independent of the size was assumed.
The concentrations of S, P, Cl, Br, and of various metals (Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ge, Hg, K, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Si, Sn, Sr, Ta, Ti, Th, Tl, V, Y, and Zn) were measured using an XRF spectrometer, type SPECTRO XEPOS from AMETEK. The instrument mode used in the analysis of the ash samples was TurboQuant. The calibration of the instrument was checked using an MCA fusion tablet. The total carbon content (TC) was measured with a vario TOC select system (Elementar Analysensysteme) in solid mode. A 4.1% TOC/TC soil standard was used for the calibration of the system.
The microscopic images of the particles were taken with a MIRA3 scanning electron microscope (TESCAN).
The contamination of the ash by heavy metals can be assessed by comparing with legal limit values of various countries for use of the ash as a soil conditioner [12] [13] [14] . Another general method for assessment of contamination levels of heavy metals is provided by the Geo-accumulation Index (I geo ) as introduced by Müller [23] . It is calculated by Equation (1) .
where C n is the mass concentration of the target component in the unclassified ash sample. The concentration of the target component in the upper crust [24] was used for the geochemical background concentration B n . The background matrix correction factor of 1.5 is used due to lithological variability. The values of I geo can be classified into seven categories [23] , from unpolluted (I geo ≤ 0) to extremely polluted (I geo > 5). For the characterization of the concentration variation of various components by particle size power functions of the type c,~1/d N can be used [25] . For each component, the exponent N can be obtained by linear regression. The higher the value of N, the more pronounced is the concentration increase in the fine size fractions and the depletion in the coarse size fractions. In the calculation, the mass median diameter d 50 was used as the characteristic particle size of each size fraction. When the mass concentration C n,j of the target component in size fraction j is divided by C n , enrichment factors EF are obtained, which enables an easier comparison between different heavy metals (Equation (2)).
The behavior of potassium during the combustion process was studied theoretically calculating the thermodynamic equilibrium in dependence of the temperature. For this calculation, the program HSC Chemistry ® 5.1 (Outotec Oy, Pori, Finland) was used. In the calculation, the following approximate composition of the combustion off-gas was chosen: 70 vol.% N 2 , 8 vol.% O 2 , 14 vol.% CO 2 , and 8 vol.% H 2 O. The ash composition was approximated with the main elements of the ash (Si, Ca, O, and K) using results from the ash analysis. Additionally, Cl and S were considered because of their important role in volatilization of potassium. However, these calculations can only be used indicatively because equilibrium will not be reached in a combustion process due to the short residence time.
Results

Particle Size of the Ash and the Ash Fractions Produced
The mass fractions and the mass median diameters for the five size fractions produced are summarized in Table 1 . The TC content of the samples is also given in Table 1 . The ash content of the samples results from 100-TC. The particle size distributions of the size fractions are shown in Figure 1 . As expected for a combined bottom ash and cyclone ash sample, the most prominent size fraction was the coarsest fraction. 
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Chemical Analysis of the Ash Sample and the Size Fractions Produced
The chemical analysis of the ash sample is shown in Tables 2 and 3 together with the analysis of the size fractions. The reported results are based on the ash content of the samples excluding the carbon. Heavy metals, which were below the detection limit in one of the size fractions, are not included in the table. Their concentration in the ash sample were: As 0.6 mg/kg, Bi 1 mg/kg, Cd 3.1 mg/kg, Co 8 mg/kg, Hg 1.1 mg/kg, Sb 8.8 mg/kg, and Sn 7.7 mg/kg. The composition of the ash is within the reported range for miscanthus ash [8, 9, 18, 19] . The concentrations of the heavy metals in the ash (As, Cd, Cr, Cu, Ni, Pb, and Zn) were significantly below the limit values for use of the ash as a soil conditioner while the concentration of Hg was at the limit [12] [13] [14] .
In comparison to combined bottom and cyclone ashes from the combustion of wood, where the concentration of K2O is typically in the range of 3% to 7% [26, 27] , the K2O concentration of the miscanthus ash was considerably higher (14.1%). The concentrations of Mg, Cl, and S in the miscanthus ash were also higher, while the concentrations of Ca, Al, Fe, and Mn were lower [27] . The concentration of most of the heavy metals was in a similar range, as reported for wood combustion ash [27] .
For the plant nutrients P, K, Ca, and Mg Igeo was 4.5, 1.7, 1.0, and 0.8, respectively. The results support the use of the ash as soil conditioner. The highest values of the Igeo were found for Sb and Cd in the range 4 < Igeo ≤ 5. This is mainly due to the low mean concentration of these elements in the upper continental crust [24] . For Bi, Mo, and Zn, the value of Igeo was in the range 2 < Igeo ≤ 3. For the other components, the ash was moderately polluted or less. For Mn and Cu, it was in the range 1 < Igeo ≤ 2 and, for Cr and Ni, it was 0 < Igeo ≤ 1. For all other heavy metals, Igeo was below zero.
The chemical analysis of the ash size fractions produced in the classification procedure are summarized in Tables 2 and 3 . The main components (Table 2) are given as oxides. The concentrations of these elements in the ash sample were within the range of reported data [8, 9, 19, 28] . The concentrations of heavy metals and other minor elements are summarized in Table 3 .
In the air classification procedure, the recovery rate RR was good for most of the elements, which were present in a concentration above the limit of quantification. The recovery rate for these elements was within the range of 90% to 110%. Exceptions occurred for the elements Br, Fe, and Tl, where the recovery rate was higher than 110% and for the elements Ga, Ta, and Y, where it was 
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In the air classification procedure, the recovery rate RR was good for most of the elements, which were present in a concentration above the limit of quantification. The recovery rate for these elements was within the range of 90% to 110%. Exceptions occurred for the elements Br, Fe, and Tl, where the recovery rate was higher than 110% and for the elements Ga, Ta, and Y, where it was lower than 90%. The calculated recovery for Cr, Ni, and Mo is significantly higher than 100%. However, these values are not representative because they were caused by a contamination of the classified samples by some erosion of stainless steel material from the classifier [29] . The concentrations of Cr, Ni, and Mo in the miscanthus ash sample were 86 mg/kg, 40 mg/kg, and 16.7 mg/kg, respectively, while the concentrations in all size fractions were considerably higher. Therefore, these components were not included in Table 3 . For Fe, this effect can be ignored because the Fe content in the ash is two orders of magnitude higher. The concentration of Na and of the heavy metals As, Bi, Cd, Co, Hg, Sb, and Sn was below the limit of quantification in all or most of the size fractions. For most elements, the concentrations did not differ very much between the various size fractions. The exponent N for each component, which expresses the size dependence of the concentration and the correlation coefficient r 2 were obtained by linear regression (Tables 2 and 3 ). For K, the exponent was close to zero (N = 0.09), which indicates that there is only very little size dependence of the concentration. This is in contrast to results found for wood combustion fly ash, where the exponent for K was 0.47 [21] and 0.68 [20] . For most other elements, the size dependence of the concentration was low, too. The exponent N was in a range from −0.2 to 0.2 for Al, Ba, Ca, Cu, Ga, Mg, Mn, Rb, Sr, Ta, Th, Ti, V, Y, and Zn. For some elements, a higher size dependence of the concentration was found.
The exponent N was >0.2 for Pb, Se, Br, S, Cl, Fe, Tl, P, and Ge, while only for Si was the exponent markedly negative (−0.24).
In Figure 3 , the size dependence of the concentration K, S, Cl, and some heavy metals (Cu, Pb, and Zn) is shown to be expressed by the calculated enrichment factor. Corresponding to the highest value of the exponent N, the highest value of the EF in the finest size fraction (4.2) and the lowest for the coarse size fraction (0.34) were found for Pb.
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Reasons for the Low Enrichment Potassium in the Fine Size Fractions of the Ash
The behavior of K in ashes from biomass combustion and its distribution between different phases is rather complicated [31] . The results of theoretical equilibrium calculations using approximate gas and ash composition from the present study are summarized in Figure 6 . These results can give some indication only because equilibrium will not be reached because of the short residence time in the system. In the diagram, the solid lines show the solid and liquid components while the dashed lines show the gaseous components. The stable potassium components at lower temperatures are solid KCl, K 2 SO 4 , and K 2 Si 4 O 9 . With increasing temperature, the fraction of K 2 SO 4 decreases while the fraction of K 2 Si 4 O 9 increases. Recognizable portions of K were volatilized only at temperatures above 900 • C. This corresponds well with published results [32] . At 1300 • C, approximately 10% of K is in the gas phase. The volatile components are KCl and, to a lesser extent, KOH. K 2 O is practically not present at equilibrium, neither in the solid phase, nor in the gaseous phase.
In the miscanthus ash, the molar ratio of K to Cl n K /n Cl was approximately 11. Thus, the volatilization of K in the form of KCl is quite limited. In wood combustion ash, the molar ratio of K to Cl is somewhat lower. Reported values are in the range of 4.3 [33] to 7.3 [21] . Therefore, higher rates of K volatilization are possible for wood combustion ash.
Silicates like K 2 Si 4 O 9 can bind K effectively because of their thermal stability and low volatility [34] . In the miscanthus ash, the molar ratio of K to Si n K /n Si was 0.31. In comparison, values of this ratio in the range of 0.35 to 2.5 have been reported for wood combustion ashes [35] . Thus, less K can be fixed in silicates. Similar observations were made for ash from the combustion of straw [36] . The differences in ash chemistry are also visible in the triangular ash diagram (Figure 4) . The ash from the combustion of miscanthus is located in the S type area, while typical wood combustion ash is located in the C type area [30] .
In wood combustion studies, the temperature measured above the grate was approximately 300 • C higher [21, 27] . In addition, in the study that investigated the production of K-enriched ash for fertilizer production [16] , the gas temperature was significantly higher (790 to 890 • C at the furnace outlet). Thus, the most reasonable explanations for the absence of K enrichment in the fine ash fractions in miscanthus ash are the different ash chemistry, especially the low Cl content combined with the higher Si content, and the significantly lower combustion temperature in the miscanthus combustion plant in comparison to wood combustion plants.
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Consequences for Ash Utilization
The plant nutrients Ca and Mg were quite uniformly distributed in the miscanthus ash with some enrichment only in the finest size fraction. The exponents were close to zero, which corresponds well with the reported data for wood ash [20, 21] . For the plant nutrient P, a slight enrichment in the fine size fractions was found. The exponent was 0.23. In wood combustion, higher enrichment of P in the fine size fractions of the ash was found [37] . However, no exponent for the enrichment was calculated in this study.
Significantly increased concentrations in the fine fractions were found only for the elements Pb, Se, Br, S, Cl, and Fe. The respective exponents N were 0.65, 0.44, 0.41, 0.36, 0.34, and 0.32. For wood combustion fly ash, the reported exponents for S and Cl were substantially higher (N = 0.56 and 0.77) [21] . The enrichment of Pb in the fine size fractions was in a similar range as reported for wood combustion ash (N = 0.72 [20] and N = 0.58 [21] ). For wood ash, the exponent for Fe was negative while, for Br and Se, no data are available [21] . The heavy metals Cu and Zn were very slightly enriched in the miscanthus ash. The respective exponents were 0.10 and 0.15. In comparison, the respective exponents in wood combustion fly ash were significantly higher (0.29 and 0.54) [21] .
The only element in the miscanthus ash with a highly negative exponent was Si (N = −0.27). In wood combustion fly ash, the depletion of Si in the fine fractions was much more pronounced (N = −1.02)
Discussion
The ash from the miscanthus combustion plant was slightly contaminated by heavy metals. The concentrations of all limited heavy metals were well below the limit concentrations for use as a soil conditioner on agricultural land and forests. Expressed by the Geoaccumulation Index, the highest 
Consequences for Ash Utilization
The only element in the miscanthus ash with a highly negative exponent was Si (N = −0.27). In wood combustion fly ash, the depletion of Si in the fine fractions was much more pronounced (N = −1.02).
Discussion
The ash from the miscanthus combustion plant was slightly contaminated by heavy metals. The concentrations of all limited heavy metals were well below the limit concentrations for use as a soil conditioner on agricultural land and forests. Expressed by the Geoaccumulation Index, the highest pollution level was found for Sb and Cd followed by Bi, Mo, Zn, Mn, Cu, Cr, and Ni. For all other heavy metals, I geo was in the range of "unpolluted".
For the plant nutrients P, K, Ca, and Mg, I geo was 4.5, 1.7, 1.0, and 0.8, respectively. The low values support the use of the ash as soil conditioner.
The potassium concentration in miscanthus ash (14.1% K 2 O) is significantly higher than in the ash from wood combustion (3% to 7% K 2 O). In comparison to wood ash, there is only very little enrichment of K in the fine size fractions of the ash. Therefore, the production of a K-rich material for the production of potassium fertilizer by classification is not feasible. The most plausible explanation for the absence of such an enrichment, which has been reported for wood ash is, besides the significantly lower combustion temperature in the miscanthus combustion plant, a significant difference in the ash chemistry, especially the low Cl and the high Si content. Based on the low heavy metal content and the missing enrichment of K in the fine size fractions, the most sensible use of miscanthus ash is its direct recycling to the soil such as where the miscanthus plants are grown.
Conclusions
The following conclusions can be drawn from the results of the study:
(a) Ash from the combustion of miscanthus contains plant nutrients (K, P, Ca) and is relatively low contaminated with heavy metals. The use of the ash as soil conditioner on forest and agricultural land is feasible, especially on the land where the miscanthus was grown. (b) The production of a K-rich fraction out of the ash by classification as a source of K for fertilizer production is not applicable because of the low size dependence of the K concentration. (c) The reasons for the limited enrichment of K in the fine size fractions can be found in the ash chemistry, especially the low Cl content combined with the high Si content and in the low combustion temperature.
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